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Abstract 
Computational study of heat transfer augmentation using air jet impingement is the most contemporary provocation in the micro 
scale and electronic packaging systems. Since the cooling of heat sink becomes the most prior and conspicuous issue, as far as 
the efficiency and life of the system is concerned. Hence enhancement in local heat transfer coefficient becomes a most primitive 
parameter in the looming world of electronic packaging system. Extensive research is carried out in the area of steady air jet 
impinging over the flat plate by varying geometric as well as the injection parameters. Not only that, plenty amount of research 
works is also available with pin fin array as the target surface. But the numerical analysis of the current problem in commercial 
simulating software seems to be done very less. This work is beneficial as far as the visualization of various contours; physical 
time and effort required in performing experiments are concerned. The present research tries to propose a valid and optimum grid 
size required by the current computational domain in order to obtain the results which are independent of grid size. Also an 
appropriate turbulence model capable of accurately predicting the realizable flow regime is being proposed. Since the heat 
interaction data needs to be well predicted in near wall and jet system; region simultaneously, shear stress transport model is 
recommended for the present computational study. 
 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICCHMT2016. 
Keywords:Heat transfer; electronic packaging; computation; heat sink 
 
 
* Corresponding author. Tel.: +91-8097852743/ +91-9322080056. 
E-mail address:u.i.siddiqui@gmail.com/npgulhane@vjti.org.in 
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ICCHMT2016
90   Siddique Mohd Umair and Nitin Parashram Gulhane /  Procedia Engineering  157 ( 2016 )  89 – 97 
1. Introduction 
Heat transfer in MEMS, electronic packaging system and robotics applications are the upcoming challenges of this 
looming world. The enhancement in convective heat transfer rate by impinging air in the form of jets to increase the 
efficiency of these appliances is one of the important calling tasks. Use of steady air jet in cooling the blades of gas 
turbine is still insistence. But as far as cooling of heat sink in electronic systems is considered, it is provided with 
some extended surfaces attached to the target surface. This is done in order to enhance the heat transfer rate of 
system and provide better performance. The impingement of air jet over such target surfaces not only enhances the 
heat transfer but also disturbs the turbulence flow regime. This disturbance reflects in enhancing the heat transfer 
rate. 
Nomenclature 
 
Re Reynolds number. 
Pr Prandtl number. 
Nu Nusselt number. 
A Area of base plate (m2). 
d Diameter of nozzle (m). 
h Heat transfer coefficient (W/m2-K). 
k Thermal conductivity (W/m-K). 
Q Heat input (Watts). 
r Radial distance over the base plate (m). 
SST Shear stress transport. 
T Temperature (K). 
Z,H Jet to the target spacing (m). 
S Spacing between pin fins (m). 
 
Subscripts 
 
a Ambient condition.  
b Base plate. 
s Steady state. 
z Jet to the target spacing.  
1.1. Literature Overview 
Hung et al. [1] experimentally determined the thermal resistance of pin fin heat sink using infrared thermograph 
technique. Experiments were carried out at different Reynolds numbers, jet to the target spacing and width of pin the 
fins. Different plots of Nusselt distribution curve concludes the tangible effect of geometric dimensions of target 
surface on heat transfer rate at low Reynolds number. Hani and Suresh [2] compared the heat transfer coefficient for 
unpinned and pinned surface in presence of single and multiple jets by varying Reynolds number, jet to the target 
spacing and diameter of the nozzle. The resulting Nusselt distribution curve showed a strong dependency of heat 
transfer coefficient on air flow rate of impinging jet. On an average 60% increment in heat transfer rate was reported 
for pinned surface in presences of multi jet with that compared to unpinned ones. On behalf of this sets of 
parameters, regression analysis was carried out and an empirical correlation for area average Nusselt number was 
proposed as Nu = 3.361 Re0.724 Pr0.4 (De/d)-0.689 (S/d)-0.10. Suresh and Vincent [3] further took an effort in determining 
the local heat transfer coefficient at different radial distances of pin fin surface by varying H/d and impinging 
Reynolds number. As far as the comparison between the multi jets impinging arrays of 9u1.59mm and 4u3.18mm 
with single jet is concerned, 20% increment in heat transfer coefficient for 4 u 3.18 mm over 9 u 1.59 mm is being 
observed. The dominancy of multi jet in promoting the heat transfer rate is due to the presences of secondary peaks. 
These peaks are the local rise in the Nusselt distribution curve. Also these secondary peaks are observed to shifts 
toward the center as a result of which the Nusselt distribution curve becomes flattened and smooth. This happens 
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with simultaneous increase in impinging velocity and decrease in jet to target spacing [3]. According to Suresh and 
Vincent [3] the stagnant point Nusselt magnitude is given by Nus = 0.161 Res0.707Pr0.4(H/d)-0.104. 
From the above survey it can be concluded that extensive effort is being taken towards the experimental 
demonstration of Nusselt distribution profile over the radial distance of target surfaces. Not only that, sufficient 
numbers of empirical correlations for area averaged and stagnant point Nusselt number are also being proposed. 
Above all, a very least effort is observed in visualizing the flow regime at the target surface. Also no remark of 
velocity and temperature contour is being reported.  
Looking into this issue Chougle et al. [4] came forward and analyzed the velocity vectors of flow field using Fluent 
and reported the presence of optimum jet to target spacing as a function of Reynolds number as headed by Suresh 
and Vincent [3]. This optimum value of jet to the target spacing exist due to the pre mixing of air jets which results 
in generation of weak stagnation point, in turn degrading the heat transfer rate.  
Yoshisaburo et al. [5] determined the effect of jet to the target and inter jets spacing on heat transfer rate using 
thermocronic liquid crystal and justified the optimum dependency of injection parameters on the developing 
thickness of boundary layer. This inhibits the heat transfer rate. No doubt heat transfer rate is also finds a tangible 
enhancement with variation in parameters at the nozzle side. Luis and Suresh [6] studied the effect of single jet and 
multi jet nozzles of 4 u 3.18 mm and 9 u 1.59 mm on heat transfer rate by performing the experiments on bare and 
modified surfaces. A strong dependency of heat transfer rate on supply heat was observed, with the effect being 
more prominent for larger diameter nozzles. Furthermore Luis and Suresh [6] extended the research by determining 
the effect of jet to the target spacing on initial heat transfer rates. These initial disturbances were found to diminish 
with increase in the target distance above the critical value. Luis and Suresh [6] further took an effort in justifying 
the existences of optimum clearance ratio at which maximum utilization of penetrating momentum and minimum 
generation of swirling flow takes place. Above all an enhancement factor of 2.8 – 2.9 for pinned fin (modified 
surface) over the bare surface was observed. In all conditions of impingement, modified surface gave comparatively 
more heat transfer rate as compared to bare surface.  
Hence it can be concluded that far increment in heat transfer rate can be achieved at optimum impinging parameters 
in order to maximize the penetrating momentum of air jet. Also the enhancement can be achieved by modifying the 
target surface. As far as the nature of Nusselt distribution curve is concerned, the slope of Nusselt curve over the 
radial distance gets affected either by the thickness of plate or its thermal conductivity. Hence thermo physical 
properties of the target surface are also the paramount parameters in contributing the enhancement in heat transfer 
rate. Maveety and Hendricks [7] studied the effect of base material by varying jet to the target spacing and found 
50% decrease in thermal resistance by the use of aluminum alloy. This happens due to the presences of smaller 
temperature gradient in composite alloy due to which heat transfer rate increases. As far as the geometry of base 
plate is concerned, Cheng and Yu [8] compared the heat transfer rate of optimal non uniform width heat sink with 
uniform dimensional heat sink. An enhancement of 8.26% was reported over uniform dimensional one. This is due 
to the generation of secondary vortices at the entrance of heat sink which restricts the entry of fresh air in case of 
uniform heat sink. While the secondary vortices in case of non-uniform dimensional heat sinks are small, resulting 
in more entrainment of fresh air. Furthermore Cheng and Yu [9] considered three types of heat sink as: uniform 
dimensional (original), non-uniform dimensioning of width (Optimal 1) and non-uniform dimensioning of width and 
height (Optimal 2) in order to determine the relative coefficients of performance. Increment of 5% for optimal 1 and 
11% for optimal 2 was reported over uniform dimensional heat sink. The relative augmentation in heat transfer rate 
is due to the existences of vortices at the entrance of heat sink which are destroyed in non-uniform dimensional heat 
sinks, resulting in more entertainment of fresh air. Hence non-uniform dimensional heat sinks are always advisable 
over uniform dimensional one, as far as the heat transfer rate is concerned. Yue and Huan [10] further took an effort 
in determining the optimum height of non-uniform dimensional heat sink. Ten different types of non-uniform 
dimensional (height) heat sink were examined at various parameters. Up till 30% of enhancement among all the 
non-uniform heights of pin fins tested was observed. Existence of larger height fin at the center of jet distributes the 
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potential core of the jet throughout the surface thereby avoiding the generation of vortices. On behalf of which the 
circulation of fresh air inside the pin fin heat sink increases. The existences of optimum fin height and width is very 
important in order to boost the heat transfer rate.  
On behalf of the above survey it can be seen that extensive research is carried out in determining the optimum 
dimensions of extended surface mounted over the heat sink. No doubt heat transfer rate can also be altered by 
varying the shapes of fins. Looking in this issue, Jonny and Alfonso [11] studied heat transfer augmentation through 
square pins mounted on 25mm u 25mm base surface by varying jet to the target spacing with respect to fin height 
and fin width. 50% decrement in thermal resistance for every 5000 rise in Reynolds number was observed for square 
pin fin. Kobus and Oshio [12] determined the efficiency of circular pin fin as 0.85 and studied the effect of diameter, 
length and spacing of pin fin array on heat transfer characteristic. Diameter of pin fin was found to plays a vital role 
in enhancing heat transfer rate in natural convection mode. While the length of pin fins is a dominating parameter in 
enhancing the heat transfer rate in forced convection mode. Also an optimal solution between fin spacing and 
impinging Reynolds number in order to promote the heat transfer rate was further reported. 
On the other hand Mousa [13] experimentally studied the longitudinal impingement of air jet on square and 
cylindrical shape fins in presence of a strong magnetic field (0.8Tesla). 40% increment in heat transfer rate for 
square fins compared with cylindrical one was observed [13]. The enhancement is due to the damping of the flow 
field which reduces the size of recirculation zones and accelerates the flow near the end wall [13]. Furthermore 
Nawaf [14] studied the effect of heat transfer rate due to the oscillating jet, impinging longitudinally on isothermal 
surface and reported 25% increment in heat transfer rate due to the oscillating jet over steady jet. This enhancement 
is due to the taking away of the hot spots generated at the base surface due to intermediacy occurring in the 
penetrating momentum. This is regarded as a unique characteristic of oscillating jet. Wen et al. [15] noticed an 
increment of 33% to 50% in heat transfer rate when the air jet impinging the target surface is exposed to electric 
field. Unsteady electric field is found to give more superior effect in heat transfer augmentation rate than steady 
field. Taiho et al. [16] determined the effect of vibration generated on the target surface with the help of 
piezoelectric agitator on heat transfer rate. Due to the vibration produced at the base plate formation of 
hydrodynamic boundary layer gets affected due to some agitation process occurring in the flow field and an 
enhancement of 55% in heat transfer rate is observed [16]. From the overview of the above literature it is observed 
that plenty amount of research is available in the area of heat transfer augmentation through pin fin surfaces. Not 
only that the optimal dimensional of pin fin heat sink at which maximum heat transfer occurs is also being 
determined. Least effort is observed in the area of flow visualization during the impingement of air jet over the 
target surface. No doubt the use of PIV reported the velocity contour far accurately. Considering the effort required 
for experimentation and availability of current problem in commercial simulating software. The present work 
inclines the research towards determining the heat transfer augmentation at various injection and geometric 
parameter by simulating it in commercial software, ANSYS CFX. 
1.2 Objective of present work 
In order to minimize the experimental effort and to avail the physical justification by mapping various contours, 
the present work undertakes the effort of simulating the problem using appropriate geometry in commercial 
simulating software (ANSYS CFX). The prime motive of the present work is to propose a grid size independent 
optimum geometric model. Not only that, the corresponding turbulence model required for capturing the realizable 
flow regime and predicting the necessary heat interaction is being proposed. As far as the turbulence intensity of air 
jet at the exit of nozzle is concerned, it depends upon the type of confinement being carried out from the pumping 
source to the nozzle. In order to compensate for this effect, the present work carries out a turbulence intensity 
independence test. This is done in order to predict the most accurate value of turbulent kinetic energy of air jet at the 
exit of nozzle. The dependency of Nusselt distribution profile over the target surface is also set independent of 
turbulent Prandtl number in the later part of the present study.  
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2. Experimental Setup 
In order to plan the simulation of the current problem it is necessary to calibrate the simulated result with 
experimental study. Hence experiments are carried out at various impinging Reynolds number and correlated with 
numerical results in the later parts of the study. 
 
2.1 Apparatus 
The basic experimental setup for studying the heat transfer through aluminum flat surface (100mm u 100mm) 
consists of an inlet blower of capacity 0.05 m3/s which pumps the fresh atmospheric air into a cylindrical chamber 
called air plenum. This is 150 mm u 150 mm in cross section and 1m long. The vertically aligned hollow tubes 
present inside it, helps in making the air streamlined. Electric heater mounted on the bottom side of the surface 
(Heat sink) ensures constant heat flux throughout the target surface. Also the data acquisition system (DAQ) ensures 
the recording of instantaneous and local temperature of heat sink. This is done with the help of four thermocouples 
mounted diagonally over the base surface. Fig. 1 shows the assembled layout of the current experimental setup. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Schematic layout of experimental setup.                             Fig. 2. Front view of computational domain 
 
3. Methodology 
3.1 Heat transfer measurement  
The rate of Cooling for flat aluminum plate is measured by evaluating the forced convective heat transfer coefficient 
at steady state as shown in Eq. (1). 
݄ ൌ ܳܣuሺ ௕ܶ െ ௔ܶሻሺͳሻ 
 
While Nusselt number is the non-dimensional parameter which measures the magnitude of heat convected due to 
impinging air jet to the heat conducted as shown in Eq. (2).  
 
ܰݑ ൌ ݄u݀݇௔ ሺʹሻ 
 
The current work defines the Nusselt number considering diameter of the nozzle as its characteristic length. 
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3.2 Design of Computational model and Mesh Generation 
The 3 – D axis symmetric model consist of nozzle and target plate along with extended air domain as shown in Fig. 
2. The solid computational domain comprises of aluminum plate over which the jet impinges. While the domain of 
air is extended well beyond the boundary of target plate in order to consider the entrainment effect of outside air. 
Generally tetrahedron meshing with flexible growth rate and edge size is performed in order to discrete the 
computational domain. During the process of meshing, the edges containing air jet and base plate are intentionally 
divided into more number of division as compared to the rest. In the present work these edges are divided into 500 u 
350 number of division. This increases the grid density and population in the region containing air jet and base plate. 
In order to achieve this, growth rate for critical edges (L1, L2) are set to 1.08 and 1.03. The resulting mesh geometry 
consists of 0.0071mm as its minimum face size and 14.273mm as its maximum face size. The later part of this 
research justifies the capability of present mesh geometry to capture the realizable flow field and heat interactions. 
 
3.3 Boundary conditions 
The present axis symmetric geometry as shows in Fig 2 is solved using a commercial solver of CFX. Overall the 
computational domain is classified into fluid and solid (plate). The exit wall of the nozzle is provided with velocity 
inlet with a turbulence intensity of 1 – 3%, as justified by turbulence intensity independence test in the later part of 
studies. On the other hand the opening of domain into the atmosphere is set to zero gauge pressure and atmospheric 
temperature. Also a constant heat flux input is provided at the bottom of the plate to ensures, uniform and constant 
heating. Four to five points on the surface of the plate are being monitored during computation to observe the 
temperature variation across the plate. 
 
3.4 Calibration of numerical results with experimental values. 
Numerical results for heat transfer are compared with the experimental values in order to confirm the accuracy of 
numerical methodology. This is done by plotting Nusselt distribution curve over the radial distance of target surface. 
Experimental readings of temperature were taken at fixed jet to the target spacing (Z/d = 4) and for different 
Reynolds number (5000, 10000 and 15000). Fig. 3 shows the comparative results of experimental and numerical 
Nusselt profile.  
 
Fig. 3. Validation of numerical results at different Reynolds number.            Fig. 4. Nusselt Distribution curve for various grid sizes 
 
A very close collaboration is observed between the computed and experimental Nusselt profile. No doubt the 
uncertainty is greatly affected with change in impinging parameters. The magnitude of uncertainty is observed to be 
sensitive towards the impinging Reynolds number. But the overall degree of error is not being observed to exceed 
7.92%. This happens due to minor incompetency in prediction of flow profile as that occurring in the physical 
realizable domain.  
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4. Results  
In order to propose a generalize computational geometric model for the current problem, it is necessary to decide the 
optimum grid size and appropriate turbulence model for accurately predicting the Nusselt distribution profile.  
 
4.1 Grid dependences test. 
In order to compare the dependency of Nusselt curve on grid size, Nusselt profiles are plotted for different grid 
sizes. The density of grid near the jet region inside the air domain and on the surface of plate is kept intentionally 
more as compared to that in far field areas of air domain. Of all the edges present, the edges containing (L1, L2) jet 
to the target spacing and base length of the target surface is intentionally made to carry more number of divisions. 
The corresponding number of divisions over the edges L1 and L2 are approximated to around 500 and 350 
respectively. In order to achieve the variation in grid size, growth rate of these edges are varied by keeping the 
number of divisions constant. On behalf of this, different Nusselt profiles are recorded for different growth rate, as 
shown in Tab. 1. Comparison of local Nusselt profile with its preceding value and experimental value define the 
most accurate grid size. The corresponding mesh geometry consists of 500 u 350 numbers of divisions over the 
edges L1 and L2 with a growth rate of 1.03 and 1.08 respectively (Fig. 4). Now, if the computational model is 
subjected to change in the dimension (L1, L2), it is recommended to change the number of division by the 
appropriate multiples. However the current grid dependence test was carried out at Z/d = 4 with the base length of 
56 mm. Above all the optimum grid geometry for which the Nusselt profile becomes independent of cell size consist 
of 0.0071 mm as its minimum face size and 14.273 mm as its maximum face. Also the deviation observed in 
computed profile against experimental profile starts above r/d > 2 (Fig. 4). This justifies an error in predicting the 
turbulence flow field in far wall region. No doubt the heat interaction proves to be well calibrated in stagnation 
region (r/d > 2). 
Tab. 1 shows a comparison between successively computed area average Nusselt Number. Not only that the 
computed value is also compared with the corresponding experimental value. As seen from Tab. 1, the mesh 
geometry containing growth rate of 1.1, 1.05 and 1.08, 1.03 over edges L1 and L2 respectively shows minimum 
deviation. Hence for the present computational augmentation the mesh quality possessing the growth rate of 1.1 and 
1.05 with the number of divisions of 500 and 350 over the edges L1 and L2 is being proposed.  
 
Table 1.Comparison of average Nusselt number for different growth rate 
                                                                                                      
                                                                                                                         Fig. 5.Nusselt Distribution curve for different turbulence model. 
 
4.2 Model dependence test. 
Since the record of heat interaction taking place due to the development of turbulence flow field is of great 
important. Hence, the prediction of flow field development is the prime task of computation process. The accurate 
prediction of flow field is achieved by use of appropriate turbulence model. K-H model is capable of well predicting 
the Nusselt distribution in stagnation region while K-Z model predicts well in wall jet region. On the other hand 
SST model incorporates both the regions of flow regime and predicts the heat interaction far accurately as compared 
to K- H and K-Z turbulence model. Fig.5 shows a variation of local Nusselt number with respect to radial distance 
Growth rate Nuavg %  deviation 
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% deviation with 
experimental 
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L1 L2 
1.2 1.15 51.26 -- 30.48% 
1.18 1.12 65.98 22.31% 10.5% 
1.15 1.09 57.51 12.84% 22% 
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for different turbulence model. It can be seen from Tab. 2 that SST turbulence model shows a very close 
resemblance with experimental value. On the other hand K- H and K-Z turbulence model are not capable of 
predicting that accurate profile. An error of 1.41% can be observed between the experimental and computed value 
with use of SST turbulence model. Since the use of SST model takes into consideration the near wall and far field 
shear transport simultaneously. Hence the prediction of flow regime using this model, results in the most accurate 
prediction of Nusselt profile in comparison with experimental profile. 
The heat interaction results using this model, proves its capability towards the accurate development of realizable 
flow regime. No doubt the development of flow profiles in far wall region (r/d > 2) possesses some error. 
 
Table 2.Area average Nusselt number computed for different turbulence models. 
 
 
 
 
 
 
 
4.3 Turbulence Intensity and Turbulent Prandtl number independence test. 
In order to observe the effect of turbulence intensity on heat transfer rate. Nusselt distribution profiles for different 
turbulent intensity (5%, 10% and 15%) of air at the inlet are being plotted (Fig.6). As seen from Fig. 6, the effect of 
turbulent intensity at the exits of nozzle contributes a very less disturbance in Nusselt profile. Since the turbulent 
vortices are generally destroyed at the entrance of pin fin array. Also the magnitude of penetrating momentum is 
much more competitive in inducing the turbulence, rather than that achieved though non uniformity in flow at inlet. 
On the other hand the relative ratio of momentum diffusivity to thermal diffusivity which is correlated using 
turbulent Prandtl number is also of great concern. Hence accurate prediction of turbulence Prandtl number becomes 
necessary. Fig.7 shows the plot of Nusselt profile for various turbulent Prandtl numbers of 0.7, 0.8 and 0.9. 
 
Fig. 6. Nusselt distribution profile for different turbulence intensities.  Fig. 7. Nusselt distribution profile for different turbulent Prandtl number. 
 
Also due to the presences of extended surface over the target surface the development of boundary layer is 
interrupted every moment. Due to this frequent interruption the effect of turbulent Prandtl number on Nusselt 
distribution profile becomes independent. 
 
5. Conclusion 
Implementation of numerical simulation proves to save a tangible amount of physical time and effort on behalf of 
computational cost. The result of grid independency justifies the presences of more number of grid elements in the 
arena of jet and base plate. Also the grid independency concludes the requirement of atleast 230 grid elements per 
cubic millimeter volume of computational domain.  
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Not only that, the use of shear stress transport turbulence model in computing the flow regime seems to predict the 
Nusselt distribution profile most accurately. This signifies the comprehensive dependency of turbulence induced in 
the near wall and jet region of the flow regime to be responsible in affecting the heat transfer rate. Also the intensity 
of turbulence induced at the target side is found to be comparatively immense with that induced at the exit of nozzle. 
Since the Nusselt distribution curve for different turbulent intensities coincides.  
It is but obvious that the magnitude of turbulent Prandtl number will alters the local heat transfer rate. But the use of 
pin fin interrupts the development of hydrodynamic and thermal boundary layer at every instance in the flow. Due to 
this phenomenon different value of turbulent Prandtl number shows equivalent heat transfer characteristic. 
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